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the d-NADHoxidation capacity but did not affect proton pumping. If the
one-turn shifted carboxyl was in another helix than the remaining one,
the enzyme was inactive. Regression showed a threshold behavior,
when the proton pumping of the mutants was plotted against d-NADH
oxidation. The relation between proton pumping and redox reaction is
not linear suggesting that this glutamate pair is involved in proton
pumping.
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With a mass of almost 1 MDa complex I is the largest enzyme of
the mitochondrial respiratory chain. Complex I dysfunction is known
to cause human disease often involving myopathy and neurodegen-
eration. We have analyzed the complete enzyme from the strictly
aerobic yeast Yarrowia lipolytica by X-ray crystallography and
electron microscopy [1,2]. The arrangement of functional modules
offers clues to understand redox-linked proton translocation by
complex I. In addition to the 14 central subunits that are conserved
throughout and represent the minimal form of the enzyme,
mitochondrial complex I comprises some 30 so-called accessory
subunits [3]. We showed that accessory subunit NB4M (human
ortholog NDUFA6, LYR motif containing protein 6), a member of the
LYRM family of proteins, anchors an acyl carrier protein to the
ubiquinone reduction module of complex I and is essential for
catalytic activity [4].
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The aim of this study was to immobilize Complex I in a bio-
mimetic environment on a gold layer deposited on an ATR-crystal
in order to functionally probe the enzyme against substrates and
inhibitors via Surface-Enhanced IR Absorption Spectroscopy
(SEIRAS) and Cyclic Voltammetry (CV). To achieve this immobi-
lization, two methods were probed, both based on the creation of
a high afﬁnity Self-Assembled Monolayer (SAM): the ﬁrst made
use of the afﬁnity of Ni-NTA towards a hexahistidine tag that was
genetically engineered into Complex I for puriﬁcation purposes;
the second exploited the afﬁnity of the enzyme towards its
natural substrate, NADH. Both approaches have been found to be
successful despite the different distance and orientation towards
the electrode. Furthermore the effect of the incorporation in a
lipid bilayer was probed.
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Complex I (NADH–ubiquinone oxidoreductase) in the respiratory
chains of mitochondria and bacteria catalyzes the transfer of
electrons from NADH to ubiquinone (UQ), and couples the free
energy of the reaction to proton pumping across the membrane. The
established proton electrochemical gradient is then used to drive the
synthesis of ATP — the energy currency of the cell. Site-directed
mutagenesis, kinetic experiments as well as equilibrium redox
titrations have shown that the UQ reduction reaction is linked with
the proton pumping through a long-range indirect coupling
mechanism. Some of the key elements involved in long-range
coupling have indeed been identiﬁed in the recently solved crystal
structure of the entire complex I from the thermophilic bacterium
Thermus thermophilus. However, despite these advances the molec-
ular level description of the proton pumping mechanism of complex
I has remained elusive. Here, with the help of state-of-the-art
classical molecular dynamics (MD) simulations performed on the
entire crystal structure of complex I immersed in a lipid-solvent
environment, we present molecular level insights to the coupling
between UQ reduction and proton pumping. The data from
simulations performed in different redox and protonation states
suggest that the coupling involves both long-range conformational
transitions and electrostatic effects.
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